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Abstract: Three-dimensional (3D) femtosecond laser direct structuring in
transparent materials is widely used for photonic applications. However, the
structure size is limited by the optical diffraction. Here we report on a direct
laser writing technique that produces subwavelength nanostructures
independently of the experimental limiting factors. We demonstrate 3D
nanostructures of arbitrary patterns with feature sizes down to 80 nm, less
than one tenth of the laser processing wavelength. Its ease of
implementation for novel nanostructuring, with its accompanying high
precision will open new opportunities for the fabrication of nanostructures
for plasmonic and photonic devices and for applications in metamaterials.
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1. Introduction

3D femtosecond laser direct writing is used to modify the structure of transparent materials,
such as glasses or polymers, for photonic applications [1]: waveguides [2,3], optical data
storage [4,5] and localized polimerization [6]. Like any optical technique, the size of the
interaction area is limited by the optical diffraction. The limiting factors are the processing
laser wavelength and the numerical aperture of the focusing system. Thanks to nonlinear
interaction at the focus of the laser beam, the size of the 3D photo-induced structures can be
reduced but is still related to the limiting parameters. Up to now, with a UV laser and a high
NA objective corresponding to a diffraction limit of 350 nm, using multiphoton absorption
and threshold effects, structures of about 120 nm have been demonstrated in polymers [6].

Although much smaller feature sizes can be achieved with nanolithographic [7] or near
field optical [8] techniques, they suffer from being limited to two dimensional geometries.
With additional tooling costs, lithographic techniques can be extended to three dimensions
using layer-on-layer approaches [9], and recently, a technique that combines direct laser
writing and metal deposition permits to create nanostructures [10]. However all these
techniques suffer from several drawbacks that include slow processing speeds, complexity in
implementation and the availability of materials and patterns.

Here we present a new approach for direct laser writing by using a high repetition rate
infrared femtosecond laser. Subwavelength nanostructures are created independently from the
limiting factors. We apply this new method in a photosensitive glass containing silver. The
nanostructures are formed by the writing process as a spatial distribution of silver species
embedded in the glass matrix. Two types of silver species can be created, silver clusters that
act as fluorescence emitters and silver nanoparticles which have plasmonic properties.
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2. Experimental details
2.A. Photosensitive glass preparation

The processed glass is highly photosensitive and was originally developed as a gamma
irradiation dosimeter [11,12]. It is a zinc phosphate glass containing silver ions [13]
presenting an ultraviolet (UV) absorption band below 280 nm. Following exposure to gamma
rays, the glass presents a broad UV absorption band, and when excited by UV radiation, emits
homogeneous fluorescence which intensity is proportional to the irradiation dosage. This
fluorescence is attributed to the presence of silver clusters. In the experiments, these
fluorescent silver clusters behave as probe for the laser/glass interaction.

Glasses with composition 40P,05-4Ag,0-55Zn0-1Ga,0; (mol%) were made using a
standard melt quench technique. (NH4)2HPO,, ZnO, AgNO; and Ga,O; in powder form were
used as raw materials and placed with the appropriate amount in a platinum crucible. A
heating rate of about 1°C.min"" has been conducted up to 1000°C. The melt was then kept at
this last temperature (1000°C) from 24 to 48 hours. Following this step, the liquid was poured
into a brass mold after a short increase of the temperature at 1100°C in order to access the
appropriate viscosity. The glass samples obtained were annealed at 320°C (55°C below the
glass transition temperature) for 3 hours, cut (0.5 to 1 mm-thick) and optically polished. The
glass possesses an absorption cut-off wavelength at 280 nm (due to the silver ions associated
absorption band around 260 nm) and emits fluorescence mainly around 380 nm when excited
at 260 nm. This intrinsic fluorescence is due to Ag" isolated in the glass.

2.B. Sample exposure

In the present experiments, nanostructures are created by a pulse train from a near infrared
(NIR) femtosecond laser focused with a microscope objective inside the glass at an irradiance
I below the refractive index modification threshold (I < 2.5 TW.cm™, corresponding to 1.2
J .cm'z).

The glass sample was irradiated using a femtosecond laser oscillator source emitting 470
fs, 9.44 MHz repetition rate pulses at 1030 nm. The laser mode is TEMyy, M? = 1.2 and the
output polarization is TM. The maximum output average power is close to 6 W, which results
in a maximum energy per pulse of 600 nJ. Acousto-optic filtering permits the tuning of the
pulse energy and the repetition rate for control of the cumulated effect. The femtosecond laser
is focused using a reflective 36 x objective with a 0.52 NA (working distance 15 mm) at a
depth of 200 um in the glass. The beam waist is estimated to be 1 pm. The glass was exposed
to different fluence levels, between 0.5 J cm’to15] .cm’z, and different numbers of pulses,
from 107 to 10°. In order to avoid glass damage, the laser fluence of 1 J.cm™ was chosen in
order to optimize the nanostructuring process. The sample was manipulated using a micro-
precision xyz stage.

2.C. Sample analysis

A High Reflection Scanning Electron Microscope (HRSEM JEOL 6700F — gun field emission
— resolution 1.1 nm) and Atomic Force Microscope (AFM D.I. 3100 Veeco AFM) were used
for irradiated sample analysis. For HRSEM and AFM techniques, a topology modification is
needed to obtain a contrasted image. When composed of silver clusters, the nanostructures
present no topological changes. Thus, an acid treatment, 10 seconds in chloride acid, was
performed on each sample to reveal the nanostructures. Acid etches preferentially the silver
containing area. The fluorescence and absorption spectral measurements have been performed
with a Triax 550 Jobin Yvon spectrometer associated to a home made confocal microscope.
An excitation Hg lamp with appropriate filter set was used for fluorescence studies and De,
halogen white lamp for absorption measurement.
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3. Results and analysis
3.A. Nanostructure formation

The components of this new direct writing process are illustrated in Fig. 1. Two principal
physical phenomena with different time scales are involved in the nanostructuring process.

The first mechanism occurs on a short time scale commensurate with the laser pulse
duration. Instantaneous with the laser pulse, a nonlinear multiphoton interaction occurs, in this
case 4-photon-absorption, in which photoelectrons are ejected from the valence to the
conduction band of the glass [14-16]. The photo-excitation process is detailed in the
Appendix A. In a similar manner to the mechanism utilized in a dosimeter [11,12], the
released electrons are trapped within a few picoseconds by silver Ag* ions to form silver Ag”
atoms (blue spots in Fig. 1(A)). Since this is produced by a highly nonlinear interaction, the
silver atoms are distributed in an area that is smaller than the laser beam diameter [6]. The
blue circle in Fig. 1(A) denotes this area. This configuration defines the initial conditions for
the mechanism.

The second physical process occurs on a longer timescale of a few microseconds. Due to
the high laser repetition rate, the accumulation of the deposited laser energy increases the
local temperature [17,18], see Appendix B.A. After several thousands of pulses, the diffusion
of the initial distribution of silver species occurs. Ag’ atoms are considered as the most mobile
species. According to the Fick’s laws, the Ag” diffusion follows the thermal and concentration
gradients from the center to the edges of the pulse [19]. This migration is represented by the
red arrows in Fig. 1(B). Mobile Ag” atoms are trapped by the Ag* ions to form silver clusters
Ag,*" with the number of atoms m<10 and the ionization degree x (red spots in the Fig. 1(C)).
As a consequence, the local Ag” ions density is progressively diminished [11,12]. The silver
clusters are chemically more stable in the glass matrix as compared to the Ag’ atoms and
present an absorption band in the near UV range (320 nm-380 nm) corresponding to level
positions within the band gap. Silver clusters formation leads to the interruption of the
diffusion processes due to small mobility of Ag, " in the glass. Subsequent laser pulses
maintain the heating process in the glass and interact with the newly-created silver clusters.
As illustrated in Fig. 1(C), the Ag,,** are photo-dissociated in the center of the laser beam. The
photo-dissociation threshold is represented by the green circle in Fig. 1(C). As a result, a
cylindrical structure composed of silver clusters is formed on the edges of the laser beam.
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Fig. 1. Schematic view of the nanostructures formation. (A) Following laser irradiation,
released photoelectrons are trapped by Ag* ions to form silver atoms Ag’, represented by the
blue spots. The Ag’ distribution follows the interaction area delimited by the blue dashed
circle. The area is smaller than the laser beam size because of the nature of the nonlinear
interaction. (B) After 1000 pulses, the local temperature increases and the diffusion occurs, as
illustrated by the red arrows. Ag’ and Ag" interact to give rise to silver clusters Ag,** with
m<10, illustrated by the red spots. (C) Subsequent laser pulses photo-dissociate the newly
formed Ag,** except on the edges of the interaction area, leaving a cylindrical nanostructure
composed of silver clusters. The silver cluster photo-dissociation threshold is represented by
the green dotted circle.

Figure 2 presents the normalized spatial distribution of the local silver atoms calculated for
different numbers of laser pulses. Typically, the concentration of Ag’ is reduced by a factor of
10 after 10° pulses. We suppose that all the diffused Ag” are transformed to create silver
clusters Ag,,* on the edges of the laser beam. In this calculation, the thickness of the structure
is considered infinitely small because the very small diffusion coefficient and the
photochemistry kinetics of the silver clusters are not taken into account. Details on the
calculation are available in the Appendix B.B.
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Fig. 2. Modeling of the silver species density. (A) The calculated Ag® density is represented in
the center of the laser beam for different numbers of pulses (from 10° to 10%). The Ag” atoms
density decreases with the number of pulses because diffusion process brings them to the edges
of the laser beam. In this simulation, it is an effective diffusion process which takes into
account the photo-dissociation effect, see Appendix B.B. The boundary condition on the edges
keeps the Ag” density to zero because they are consumed to form silver clusters. (B) The
calculation of the corresponding created Ag,*" is represented and compared to the fluorescence
measurements.
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3.B. Nanostructure observation

Experimentally, silver clusters are distributed with sizes much smaller than the diffraction
limit. Figure 3(A) presents a high resolution scanning electron microscopy (HRSEM) image
of a zone irradiated at 1 J.cm™> with 10° pulses. After polishing to bring the nanostructure to
the surface, the sample is acid-etched before imaging to enable the localization and the
characterization of the nanostructures. As expected, an annular shape is observed. Figure 3(B)
shows that the profile of the structure is only 80 nm wide. It is of great interest to note that
HRSEM allows topological and chemical characterization. Atomic Force Microscopy (AFM)
is a complementary measurement and allows topological characterization. A comparison
between the transversal profiles of the HRSEM image (Fig. 3(C)) and the corresponding AFM
image (Fig. 3(D)) shows that the contrasted signal from the annular shape is due to a chemical
change induced by the accumulation of Ag species. The central peak indicates a topological
modification. Indeed, the remaining silver concentration linked to the silver migration,
modifies the glass composition. A selective acid-etching has occurred in the composition of
the modified zones giving rise to topological changes.
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Fig. 3. HRSEM and AFM characterization of the nanostructures. The irradiated sample was
acid-etched to reveal the nanostructures. HRSEM allows topological and chemical
characterization. AFM allows topological characterization. (A) HRSEM image of a spot
irradiated by a focused femtosecond laser at 1 J.cm ™ As expected, a circular shape is observed.
(B) The transversal profile (small white segment) of the HRSEM image has a measured width
of ~80 nm (FWHM). (C) and (D) Comparison between the transversal profiles (following long
white segment) of the HRSEM image (C) and the corresponding AFM image (D) shows that
the annular shape is due to chemical modifications (accumulation of Ag species). The central
peak indicates a topological modification following acid-etching.
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3.C. Creation of fluorescent silver clusters

The distribution of these clusters after laser irradiation can be visualized by confocal
fluorescence microscopy. The silver clusters Ag,,** embedded in the zinc phosphate glass
exhibit a strong fluorescence when they are excited in the UV-blue range (from 300 nm up to
500 nm) of the spectrum [20,21]. A 3D reconstruction of the laser induced structures is
presented in Fig. 4(A). The fluorescent silver clusters are organized, on the edges of the
interaction voxel defined by the nonlinear interaction, as a cigar shape with a diameter smaller
than the laser beam one and with a length limited by the confocal parameter. Figure 4(B)
shows the fluorescence emission spectrum for an excitation wavelength at 405 nm. A few
studies have attributed the fluorescence to specific clusters in glass and show strong
dependence with host matrix, ionization degree and cluster geometry. In our case, a band and
a shoulder can be observed, one at 500 nm and another at 610 nm, which could be attributed
to Ag,*" silver clusters [20-23]. In Fig. 2(B), the fluorescence signal obtained after laser
irradiation for different numbers of pulses is compared to the calculated silver clusters
density. Experimentally, we observed that more than 1000 pulses are needed to initiate the
formation of silver clusters, corresponding to the thermal activation of silver Ag” diffusion.
After 10° pulses, a saturation effect appears, due to the total diffusion of the induced Ag’
atoms.
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Fig. 4. Optical properties of silver nanostructures. The silver clusters exhibit strong
fluorescence when excited in the UV-blue range. The silver nanoparticles reveal a surface
plasmon resonance. (A) 3D reconstitution of confocal fluorescence microscopy images of a 1
J.cm™ laser irradiated spot. (B) Fluorescence spectrum of the photo-induced silver clusters with
an excitation wavelength of 405 nm. A characteristic band centered at 580 nm is observed. (C)
Fluorescence microscopy and corresponding HRSEM images of a cross pattern created by
moving the sample first in the x direction and second in the y direction. During the second
pass, the previously-created silver clusters are photo-dissociated. (D) Following laser
irradiation, the sample is thermally treated at 400°C during 20 minutes to transform the silver
clusters into silver nanoparticles. A differential absorbance spectrum is performed in the region
where the nanostructures are formed (red dots). The band centered at 460 nm is characteristic
of the surface plasmon resonance of the silver nanoparticles arrangement. The experimental
measurement fitted with the Mie’s theory gives a mean diameter of 10 nm (blue curve).
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In summary, the process of laser interaction in this glass can be viewed as a paintbrush and
an eraser working together on the nanoscale. The paintbrush acts on the edges of the laser
beam and the eraser works at the center. Arbitrary 3D patterns can be written in the
photosensitive glass. As an example, Fig. 4(C) presents a cross pattern produced by moving
the sample first in the x direction and then in the y direction at 1 mm.s', corresponding to 10*
pulses.um™'. The size of the structure measured by fluorescence confocal microscopy is
limited by the resolution at 350 nm in our conditions. The insert in Fig. 4(C) presents a
HRSEM image of the nanostructure. As expected, nanoscale lines containing silver clusters
are written. The second pass crosses the center of the x line perpendicularly and clearly photo-
dissociates the previously-created silver clusters. Moreover, the weaker fluorescence signal
close to the y line indicates that the silver species in the center were only partially
transformed.

For use in nanostructuring applications, the stability of the photo-induced silver clusters is
investigated. First, annealing the exposed glass at temperatures from 100°C up to 300°C
shows no dissociation of the clusters. Second, under UV light exposure for several hours, no
change in the fluorescence spectrum nor in the clusters distribution are observed. These
results indicate that the silver clusters are stably embedded in this zinc phosphate glass matrix.
We have also performed the same experiments with a silver-doped silicate glass matrix.
Similar nanostructures were created as described for the phosphate glass host, but the stability
is reduced to a few hours under UV exposure.

3.D. Creation of silver nanoparticles

At this point, the nanostructure is composed of silver clusters and is, by analogy with silver
photography [24], a latent image in that no visible change in the refractive index is evident.
To obtain a contrasted image, these clusters need to be thermally developed to form silver
nanoparticles [25]. Following laser irradiation, the glass sample is annealed at 400°C, which is
20°C below the glass transition temperature, for 20 minutes. The absorption spectrum in the
annealed region is monitored until the wide band centered around 460 nm, which is
characteristic of the surface plasmon resonance of nanoparticles, is observed (Fig. 4(D)). The
well-known Mie’s theory [26,27] for silver nanoparticles embedded in a glass matrix
demonstrates that intensity, resonant position and bandwidth of the absorption spectrum
depend on the size, the filling factor and surroundings of the silver nanoparticles. The Mie’s
model is used to fit the experimental data (blue curve in Fig. 4(D)), see Appendix B.C. A
mean particle size of 10 nm is found.

4. Conclusion

This universal mechanism could be used for various ions doped matrixes (glass, polymer) in
which reduction process and thermal diffusion are involved, thanks to the high repetition rate
femtosecond laser. The 3D laser direct writing of various nanostructures (silver clusters, silver
nanoparticles) can be extended in a number of ways. Various properties of the structures could
be exploited in the photonics and plasmonics fields. As an example, the silver clusters exhibit
strong nonlinearities without modifying the linear refractive index. Thus, efficient 3D optical
data storage can be realized in the glass [5]. The silver clusters, distributed in an area below
the diffraction limit, are local fluorescent emitters. Moreover, nanoparticles exhibit many
properties, such as plasmon resonance absorption, local field enhancement, local refractive
index modification, etc... Designing 3D nanostructures containing nanoparticles, with an ease
of use, offers a new alternative for the fabrication of 3D photonics crystals, metamaterials and
plasmonic devices.

Appendix A: Details on the photo-excitation process

Various photo-excitation processes occur and are in competition at the early stage of the
laser/glass interaction: multiphoton [14], tunneling [16], avalanche [15], multiphoton “forest
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fires” [28] ionizations or combinations between spectral broadening and linear or two-photon
absorption of the laser pulse [29]. In order to investigate the photo-ionization mechanisms at
the picosecond time scale involved in our photosensitive glass exposed to a high-repetition
rate femtosecond pulse train, a transient absorption pump-probe experiment was performed.

A typical temporal dynamic of the plasma-induced-absorption for a pump irradiance of 7.3
TW.cm ™ is shown in Fig. 5. No absorption is present after 1.8 ps. Nevertheless, the temporal
resolution of our experiment does not permit to reveal details below 1 ps. The absorption
offset, which is about 0.05% at 7.3 TW.cm 2, is due to thermal cumulative effects appearing
when a high repetition rate laser is used. The maximum absorption measured at zero delay as
a function of the pump irradiance is given in Fig. 6.
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Fig. 5. Evolution of the plasma-induced-absorption versus the pump-probe delay for a pump
irradiance of 7.3 TW.cm ™2 The curve is an average of 30 acquisitions. The standard deviation
of these acquisitions gives an uncertainty of the measurement of 40%.
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Fig. 6. Evolution of the plasma-induced-absorption versus the pump irradiance at the sample.

In a multiphoton absorption regime, the absorption should scale as Abs(l ) oc I*, where k

is the order of the multiphoton process and [ the irradiance. A fit of the experimental data with
a fixed value of k = 4 provides, with a good uncertainty, a clear evidence of four-photon
absorption as the photo-ionization mechanism involved in the nanostructuring of our
photosensitive glass.
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Assuming a simple Drude’s model for the plasma, the free electron density N, can be
determined from the absorption measurements as follow:

4 222
N, = Tobome [y e (1 )
et L A T

where ny = 1.58 is the refractive index of the glass, 7. = 0.4 fs the electronic collision time,
L = 10 pm the interaction length, 4, the laser wavelength and 7= 1 - Abs the plasma-induced-
transmission. We assume the interaction length is on the same order of magnitude than the

27w,

confocal parameter b = . The measured free electron density ranges from 0.2 to 3 X

0
10" em™, and is four orders of magnitude below the critical electron density, which is about
10*" cm™ at the laser wavelength. In our glass, the Ag" ions density is about 3 x 10*° cm™.
Assuming that each released electron is trapped by one Ag* ion, we can consider that 1 Ag’ is
formed per 1000 Ag* ions.

Appendix B: Calculations
B.A. Temperature evolution under laser irradiation

The laser used in our experiments presents a high repetition rate (9.44 MHz). Thus, the
accumulation of the energy pulse after pulse in the glass leads to an increase of the
temperature [17,18]. To represent the cumulative heating effects during the laser irradiation,
we solve the 1D heat equation with a source term corresponding to the laser [30]:

OT (x,t) _D 0T (x,1) _ O(x,1)

2
ot "ox? pC @

P

where T represents the temperature (K), D;, the thermal diffusion of the glass (m*s™), O the
heat source term (J.s"'.m™), p the density of the glass (kg.m™) and C, the specific heat
capacity of the glass (J.K ' kg™).

The heat source term Q follows the laser temporal and spatial profiles and is defined as:

Nx* | &
Q(x,t) = E exp| — = D S(t—iAt)H (1—iAt) 3)
0 i=0
N3/2aE
with E; =———— a the absorption (%), E the pulse energy (J), N the number of photons
7 W() Wz

absorbed during the interaction and w, and w, the beam waist (m) and the Rayleigh length
(m), respectively. M is the number of pulses and Az the time interval between 2 pulses (s). J is
a temporal Dirac function (s™') assuming that the femtosecond pulse is infinitively short
compared to the thermal timescale. H is an Heavyside function related to the causality
principle.

By using the initial conditions, T (# =0) =T (t = ) =T, , we can find an analytic solution:
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T(x,t)-T, =AT =
(x,1) 0 27[3/2W0W_,0Cp - W2 172
2 . o
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4N

AT depends on the glass and irradiation parameters summarized in Table 1.

Table 1. Experimental parameters for the temperature evolution calculation

Glass parameters Laser parameters
Dy, 810° um*s™ E 100 nJ
221077
F=1/At .44 MH
P kg.;,lm’3 / ? z
C, 800 J.K ' kg Wo 1.07 um
w, 5.44 um

An important parameter is the deposited energy contributing to the temperature increase.
This parameter is represented by a, the absorbed energy. We have first carried out a pulse to
pulse absorption measurement to estimate the deposited energy per pulse. Figure 7 shows that
less than 1% of the laser energy is absorbed by the glass. The transient absorption pump-probe
experiment gives actually a = 0.04%.
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Fig. 7. Pulse to pulse transmission measurements (blue dot). The red line represents the mean
value of the transmission which is less than 1%.
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The results of the calculation are presented in Fig. 8. To illustrate the cumulative effects, 2
regimes at 10 kHz and 10 MHz repetition rates, are compared in Fig. 8(A). In the 10 kHz
regime (dotted blue curve), the temperature remains the same after several pulses. The
temperature clearly increases in the 10 MHz regime (red curve). In this case, the time between
two pulses is too short to allow the thermalization of the glass.
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Fig. 8. Temperature versus the number of pulses. (A) The comparison between 10 kHz and 10
MHz repetition rate illustrates the cumulative effects of a high repetition rate laser. (B)
Temperature elevation in our experimental condition. The thermal diffusion temperature (blue
line) is achieved for 3000 pulses. The glass transition temperature is represented by the grey
dotted line.

Figure 8(B) presents the results after several 1000 pulses in our experimental conditions.
We can observe that the diffusion activation temperature for the silver (150 °C) is achieved
after 2000 pulses. As represented by the grey dotted line, for 10000 pulses, the temperature is
below the glass transition temperature (375°C). Thus, the maximal achieved temperature is
sufficient to allow the diffusion of silver species but is too low to induce any strong damage in
the glass.

B.B. Modeling of the diffusion mechanism

This calculation addresses on the diffusion and photo-dissociation effects of Ag” and silver
clusters respectively, assuming that the electrons are created and trapped to form Ag’ quasi-
instantaneously compared to the diffusion time scale (us). To simulate on a long time scale
(us) the silver cluster formation, different hypothesis was adopted. First, two regions can be
distinguished. A central region where photo-dissociation of the silver clusters occurs and a
periphery zone where the silver clusters can persist. Initially, the Ag” concentration which
follows the laser deposited energy, presents a strong gradient. Then, assuming that following
their formation, the silver clusters Ag,** are immediately dissociated into Ag’ atoms and Ag"
ions, an effective Ag” diffusion in the central region can be considered. Moreover, assuming
that the silver clusters have a very low mobility in the glass matrix and that the chemical
reaction between Ag’ and Ag* to form clusters is quasi-instantaneous, we can consider that
the Ag” concentration drops to zero in the periphery zone. In this simplified model, the initial
and boundary conditions for the Ag” diffusion equation were the existence of a strong Ag’
concentration in the central region and no Ag’ atoms on the periphery. An analytical solution
was found in the 1D case, assuming that the silver cluster density corresponds to the integral
difference between the initial and final (remaining) Ag’ concentrations.

When the diffusion is activated, the initial distribution of Ag’ is described by the Fick’s
laws summarized in the diffusion equation (Eq. (5):

ON(x,t) O*N(x,1)
-D =0 5
ot ot ®)
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where N is the Ago atoms density and Dy, the silver diffusion coefficient (m>s™).

The initial and boundary conditions for the Ag’ diffusion equation were chosen as follow:
a strong Ag” concentration in the central region and a null Ag” concentration at the periphery,
respectively. The initial density follows the spatial laser irradiance and is defined as:

N(x,t=0)=N, exp[—%) (6)

W()

where N is the normalized Ag’ density and can be estimated from the free electron density
measurement.

For the 1D problem, we assume that Ny = 10*° cm™. k is the multiphoton absorption
coefficient (k = 4) and w is the beam waist. Due to the silver clusters creation at the edges of
the laser beam, the boundary conditions are:

N(x=0,>0)=N(x=a,t>0)=0 (7)

a corresponds to the length where the clusters are created. We take a = wy,.

An analytic solution is found in the 1D case. The diffusion of the Ag" is visualized for x =
+ a. Figure 2 of the paper represents the evolution of the Ag” density versus the time (i.e. the
number of pulses). For x = + g, the silver clusters Ag,,*" are formed and we consider that each
Ag’ participates to the formation of the Ag,**. Thus, the Ag,** density is defined as the
difference between the initial Ag” density and the remainder Ag’ density giving rise to the red
curve in Fig. 4(C).

Here, we have considered that Ag” is the most mobile silver specie in the glass. Indeed,
when reduced, silver species are not submitted to the electrostatics barriers and diffuse like
particles in a viscous medium. By considering the diffusion coefficient ratio between Ag* and
Ag’ in the photographic process, we can assume that the diffusion coefficient of silver atom
Ag’ in the glass is larger than the silver ion Ag* one (1 um’s'). The best fit of the
fluorescence measurements (Fig. 4(C)) is found for D4, = 50 pmz.s’l.

B.C. Surface plasmon resonance calculation

The spectrum of an irradiated and heat-treated sample (Fig. 5) presents an absorption band
characteristic of the silver nanoparticles. The evolution of the light scattering by small
particles is well described by the Mie’s theory [26,27]. According to this model, the
absorption coefficient of small particles (with a radius R) at a wavelength 1, in a medium can
be approximated as:

_ 247°n,VN &

a(dy)=

2 (m™) ®)

y 22 | 2
0 &,+2ny) +¢,

N is the number of nanoparticles per unit volume and V the mean volume of the nanoparticles.
ny is the effective refractive index of the glass matrix. ¢, and ¢,, are the real and imaginary
part of the relative dielectric function of the silver particles ¢, defined using the Drude’s
model as:

2

10}
e (w)=¢, +ic, =1———>=— (unitless 9
)D( ) rl r2 a)2+lra) ( ) ( )

where @ =27c/4, is the angular frequency, I' the effective damping parameter for the free
electron in the bulk silver metal. w,, is the plasma angular frequency, defined as:
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o = [N rads™ (10)
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where N, and m, are the density and the mass of the free charges, respectively. Considering
that the mean radius of the nanoparticles is smaller than the electron mean free path, we can
use the Doyle’s formula and write the size dependence for the damping parameter [31]:

I, (R) ~% (rad.s™) (11)

where V,is the Fermi velocity of the electrons in bulk silver (V,=1.39 x 10° m.s™" in the case
of silver).

Experimentally, we measure the evolution of the optical density versus the wavelength
given theoretically by:

0.431 AL
e T
(/10 -4 ) +D72’0

m

(unitless) (12)

m

where y is the volume concentration of nanoparticles (unitless) and [ the thickness of the
sample.
Using (Eq. (8) and (Eq. (9), we find:

A 0.43(487 g noclym,V, )

2
N R (m) (13)

The optical density presents a maximum value D,, at the wavelength 4, defined by the
resonant condition in (Eq. (8), ¢,,(®,) =-2n; (@,) , with @, =27c/A,, . This gives:

432477 Rl
= L’WL (unitless) (14)
A+2n5) AL

4 2 2
a2 =8 e (4 op2y (md) (15)

n 2
! N e

e

where A/ is the Full Width at Half Maximum (FWHM) and is inversely proportional to R:

2

AL AV (m) (16)
=——— (m
27cR

By fitting the experimental absorption curve, we found an average radius of the
nanoparticles of 10 nm and a volume concentration of about 107", The distribution of the
nanoparticles at the edges of the laser beam is not taking into account for the calculation of the
volume concentration. Locally, the nanoparticles are more concentrated. Moreover, we can
note that the position of the resonance is red-shifted compared to the classical resonance for
silver nanoparticles (420 nm) but, the intensity, the resonance position and the bandwidth of
the absorption spectrum depends on other parameters. For example, the size distribution of the
nanoparticles and the quantum size effects influence the bandwidth. The position of the
resonance depends on the non-spherical shape and surrounding medium (refractive index,
chemical interaction ...).
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